Three-dimensional numerical simulations are used to investigate the hydrodynamic performance and the wake patterns of a sunfish in steady swimming. Immersed boundary method for deformable attaching bodies (IBM-DAB) are used to handle complex moving boundaries of one solid body (fish body) attached with several membranes (fins). The effects of the vortices shed from both the dorsal and anal fins on the hydrodynamic performance of the caudal fin are analyzed by prescribing an undulatory swimming kinematics to a full body sunfish model. Results show that both the dorsal fin vortices and the anal fin vortices can increase the thrust and efficiency of the caudal fin comparing to caudal fin only case. This is because the dorsal/anal fin not only can feed vorticity into the caudal fin wake via vortex shedding, but also can modulate the flow in the downstream in a way of forming a jet with stronger backward component.
INTRODUCTION
Engineers and researchers look for inspirations from nature for superior designs of propulsion system of Autonomous Underwater Vehicles (AUVs) [1] [2] [3] [4] . Many studies were performed previously, holding the purpose of understanding the fundamental of flapping propulsion. The hydrodynamic performance of an isolated flapping foil was well discussed previously [5] [6] [7] [8] [9] . Recent studies also focus on the hydrodynamics of multi-propulsor systems, especially tandem flapping foils. Among those works, Lan & Sun studied two tandem airfoils performing flapping motions and found the enhancement of both vertical force and horizontal force in different cases [10] . Warkentin & DeLaurier found that the tandem arrangement can result in thrust and efficiency increases by choosing proper relative phase angles and longitudinal spacing between the wing sets [11] . Simulations conducted by Akhtar et al. [12] indicated that the thrust of the downstream foil can be increased significantly by capturing the vortices shed from the upstream foil, and the increment is quite sensitive to the phase difference between the two tandem foils. Liang & Dong used realistic morphologies of dragonfly to explore the wing-wake interactions between ipsilateral wings and found that both the lift and thrust of hindwings could be increased significantly due to the wingwing interaction [13] . Broering et al. investigated the effect of phase angle and wing spacing on tandem flapping wings, as well as the energy extraction in this system [14] . By altering the phase angle and spacing between the fore and hind wings, Broering and his colleagues studied the leading edge vortex structure generated by the hindwing, and also quantified the differences of the resulting lift and thrust coefficients, as well as the efficiencies. Their results showed that the phase angle has a similar effect as the wing spacing, and both of them are capable of controlling the force generation and efficiency of the hind wing. More recently, Yuan et al. performed several numerical simulations to study the hydrodynamic performance and vortex interactions of multiple foils pitching in-line. The simulations showed that by choosing appropriate phase difference between the foils, the propulsive performance could be improved significantly while the number of foils is less than three. However, the overall performance will converge with the increasing of the number of the foils [15] .
It is worth noting that most of the works mentioned above are focused on the hydrodynamics and performance of canonical models. Some researchers are also working on the propulsion of real fishes. Drucker & Lauder have made a series of studies on the hydrodynamic performance of real fishes [16] [17] [18] . They indicated that the dorsal and caudal fin motions of the bluegill sunfish can be approximated as a combination of pitching and heaving motions. Moreover, Standen & Lauder conducted several experiments to study the dorsal and anal fin functions in steady swimming and maneuvering of bluegill sunfish [19] . However, most of the previous works are experimental studies. Numerical studies are needed to investigate more details about the hydrodynamics and performance of real fishes.
In this work, a realistic sunfish model is constructed. A prescribed undulatory motion is then applied to the model. The hydrodynamic features of the model are studied numerically. An immersed-boundary-method based CFD solver is employed to conduct simulations. The results of this work are expected to provide inspirations for the design of propulsion system of the UAVs.
COMPUTATIONAL MODEL
As shown in Figure 1 , a model of bluegill sunfish is constructed. The fish body is modeled as a solid body, which attached with several membranes for the modeling of fish fins. In this work, the total length of the sunfish model is set to be . In order to simplify the problem, we do not consider the pectoral fins and pelvic fins in the simulations. . The kinematics of the model sunfish is prescribed in equation (1) 
where is the axial position, ( ) is the amplitude envelop of the lateral motions of body and caudal fin, ( , ) and ( , ) are denoted in equation (4) and used to describe the additional lateral excursion for dorsal and anal fin, respectively. ∆ ( , ) in equation (4) stands for the perpendicular distance from point ( , ) on dorsal fin to the body of the model. ∆ ( , ) is for point ( , ) on the anal fin. In order to simplify the problem, a linear term is used to model the additional lateral excursion and implies that the dorsal/anal fin is fixed to the body.
is the angular frequency which is denoted as = 2 and is the wave number which is denoted as = 2 ⁄ .
is the wave length and is specified as the total length of the sunfish in all the simulations. For those simulations, the amplitude envelop ( ) is estimated to have the following quadratic polynomial form:
In this work, the parameters used to describe the lateral excursion, 0 , 1 and 2 are set to be 0.02, −0.0825 and 0.1625, respectively.
The largest additional lateral excursion of dorsal/anal fin in simulations is estimated from the experimental data [19] and the non-dimensional parameters are defined in Table 1 . Table 1 The 
NUMERICAL METHOD
The governing equations of the flow simulations are the threedimensional, unsteady, viscous incompressible Navier-Stokes equations = 0 (6)
For solving the hydrodynamic performance of the propulsion system, an immersed boundary method based computational fluid dynamics solver is employed [20] . The advantage of this method is that the numerical simulations with complex moving boundaries can be carried out on stationary non-body conformal Cartesian grids and this avoids the cost of the generation of a body-fitted grid at each time step. This method was successfully applied in many simulations of flapping propulsion [21] [22] [23] [24] [25] [26] [27] [28] [29] .
To impose the boundary conditions on the immersed boundary, the multi-dimensional ghost-cell methodology is employed [22] . The surface of the simplified sunfish model here is represented by an unstructured mesh with triangular elements. A second-order accurate fractional step method in time advancement is used in this numerical simulation. And the primitive variables and are discretized on the Cartesian grids using a second-order center-difference scheme in space. The mesh size is 384 × 192 × 192 and the chosen domain size is 10L × 6L × 6L . The center domain which surrounds the sunfish model has a uniform 160 × 144 × 80 grid.
RESULTS AND DISCUSSION Hydrodynamic Performance
The effects of interactions between upstream fins (dorsal and anal fins) and downstream fin (caudal fin) on hydrodynamic performance are reported in this section. Four computational models with different body and fin configurations are discussed here (BC, BDC, BAC, and BDAC; B stands the fish body; D and A stand the dorsal and anal fins; C stands the caudal fin). Table  2 lists the cycle averaged hydrodynamic performance for all computational models. By comparing the results of model BDAC and BC, We can see that the thrust production is increased by 28.5%, and the propulsive efficiency is increased by 31.9%. The involvements of the dorsal and anal fins significantly improve the hydrodynamic performance. The contribution of single fin (dorsal or anal fin) can also be evaluated by comparing the results of model BDC and BAC to the model BC. It shows that the contribution of a single dorsal fin and anal fin are similar. They both can increase the thrust production and propulsive efficiency by about 13.4% and 14.7%, respectively. Figure 3 shows the time course of the hydrodynamic performance of the caudal fin for different computational models. We can see from the figure that for different computational models, the thrust coefficient histories show obvious differences, while the power coefficient histories stay unchanged.
Flow structures
The flow structures of model BC and BDAC are compared to explore the flow mechanism of the performance enhancement due to the dorsal and anal fins. The 3D flow structures of the model BC and BDAC are compared in Figure 4 . At each left-or right-stroke, there is a vortex ring shed from the caudal fin. Those vortex rings are inter-connected in both cases. The major difference of the flow between these two models are also labelled in Figure 4 . There are two types of vortex interactions in case BDAC. First, part of the vortex shedding from the inner half a of the dorsal fin trailing-edge (see figure 4(b) ) is captured by the leading-edge of the caudal fin directly (region A in figure 4(b) ). Second, the vortex shedding from the outer half b of the dorsal fin trailing-edge (see figure 4(b)) will merge with the vortex ring generated by the caudal fin and eventually forms another strong vortex tube as labelled in region B in figure 4(b) . Although there are some smaller vortex structures shed from the body in model BC as shown in figure 4(a) , we have not observed these two kinds of interactions. The interactions between the anal fin and the caudal fin show a similar pattern, so in this paper we do not present the unnecessary analysis on the anal fin for conciseness. To further explore the hydrodynamic effects of the interactions mentioned above, we show more details of the flow on 2D slices (figure 5) cutting through the dorsal fin and the caudal fin. Figure  5(a-b) and 5(c-d) show the vorticity contours on the slices for model BC and BDAC, respectively. The time instant of this figure is 0.8T, at which the maximum thrust enhancement occurs. According to figure 5, due to 3D effects and the fin-fin interactions, the vortices shown on the 2D horizontal slices are quite different from those in a 2D fish model's swimming [30] [31] [32] , in which the vortices are more concentrated and no many sub-structures in the wake. In the following, we will analyze the detailed flow features of these two model and find the difference between them.
The major difference of the flow field on the slices between those two cases are labelled (see region A and B in figure 5 ) in model BC ( figure 5(a-b) ), the vortices shed from the body dissipate quickly before they reach the caudal fin (region A in figure 5(b) ). However, in model BDAC, the vortices shed from the trailing edge of the dorsal fin is much stronger and they are easily captured by the caudal fin (region A in figure 5(d) ). This is because the dorsal fin generates extra vorticity and also its trailing-edge is very close to the caudal fin. This enhanced vortex interactions increase the thrust force generated by the caudal fin, which is consistent with previous studies [10, [12] [13] [14] . The difference of the flow between those two cases in region B (see figure 5) is obvious, too. In both cases, we have found vortex pairs on the slices in region B (V1 and V2), which induce strong flow jets. However, the directions of the jets in case BC and BDAC are quite different. The jets in case BC ( figure 5(a-b) ) have forward velocity component, while the jets in case BDAC ( figure 5(c-d) ) have strong backward component. This feature explains the performance enhancement based on the conservation law of the linear momentum.
CONCLUSION
Three-dimensional numerical simulations using an immersed boundary method are conducted to investigate the interactions between tandem fins in a sunfish model in steady swimming. Results show that the presence of the dorsal/anal fins can improve the propulsive performance of the caudal fin in terms of both the thrust production (increased by 28.5%) and the propulsive efficiency (increased by 31.9%). In addition, the dorsal fin and anal fin contribute equally to the performance improvement. Flow analysis shows that the performance improvement in the caudal fin is attributed to the interactions between the dorsal/anal fins generated vortices and the caudal fin vortices. There are two kinds of vortex interactions. First, the caudal fin is facing a flow with stronger vorticity in case BDAC than in case BC in the near-field flow, since the dorsal and anal fins can shed extra vortices in downstream. The leading edge of the caudal fin then captures those vortices and hence generates higher thrust. Second, the vortex tubes generated by the upper regions of the dorsal/anal fin's trailing-edge will merge with the vortex ring generated by the caudal fin. This interaction can modulate the flow in the downstream in a way of forming a jet with stronger backward component.
In our model, the dorsal and anal fins are moving with the body, following the same oscillation phase. However, in the real fish swimming, there are the phase differences between these fins and the due to fin flexibility. In the future, we will consider the fin flexibility in terms of both oscillation amplitude and phase difference. In addition, as stated in the introduction, the distance between the tandem fins is another control parameter in this problem. We will also examine the hydrodynamic effects of the position of the caudal/anal fin on the caudal fin performance in the future work. 
